Introduction
Src family PTKs have been identi®ed in the earliest diverging metazoan phyla (Bosch et al., 1989; Ottilie et al., 1992) , suggesting that they play a critical role in the function of animal cells. Although the evolutionary history of Src PTKs is now relatively well known, we still know very little about the evolution of the pathways in which Src PTKs participate. An understanding of the evolution of these pathways will aid in the elucidation of the fundamental features of Src PTK function in animals.
Studies in vertebrates have demonstrated that the various members of the Src PTK family are negatively regulated through phosphorylation of their carboxyl-terminal tails by either Csk or Ctk, the two members of the Csk PTK family (Neet and Hunter, 1996) . The importance of this regulatory mechanism has been demonstrated by disruption of the Csk gene in mice. Src PTKs in mice in which the Csk gene is inactivated have elevated kinase activity, and the animals die as embryos (Imamoto and Soriano, 1993; Nada et al., 1993) . Comparison of the amino acid sequences of Src PTKs of invertebrates reveals the presence of a putative carboxyl-terminal regulatory tyrosine in every case. This ®nding suggested that a Csk kinase would be present in invertebrates and that it would regulate Src kinase activity by phosphorylation of the putative regulatory tyrosine. Con®rmation of this hypothesis would indicate that the Src/Csk regulatory circuit is a fundamental feature of animal cells. Using PCR with primers encoding conserved amino acid sequences in the catalytic domain of PTKs we identi®ed a Csk gene from the earlydiverging animal Hydra. Furthermore, we have found that Hydra Csk regulates Src activity as it does in vertebrates.
Results
A gene encoding a member of the Csk family of protein-tyrosine kinases is present in Hydra Using PCR in combination with primers encoding conserved amino acid sequences in the catalytic domain of PTKs, we have identi®ed genes from the cnidarian Hydra vulgaris which encode non-receptor and receptor PTKs (Chan et al., 1994; Steele et al., 1996) . One of the ampli®ed fragments encoded a predicted amino acid sequence which was most closely related to the two vertebrate members of the Csk family. By a combination of cDNA library screening and RACE, we obtained the entire coding sequence of this gene. Comparison of the complete amino acid sequence for the predicted protein supported its initial assignment to the Csk family. An alignment of the Hydra Csk amino acid sequence with the human Csk sequence is shown in Figure 1 . Like the vertebrate members of the Csk family, Hydra Csk contains SH3 and SH2 domains, lacks a carboxyl-terminal regulatory tyrosine and a myristoylation signal, and lacks activating tyrosine residues in the kinase domain (Nada et al., 1991; Neet and Hunter, 1996) . Sequence conservation between Hydra Csk and the vertebrate Csk family members is high in the SH3 and SH2 domains and in the kinase domain.
Phylogenetic analysis of Hydra Csk con®rms that it is a member of the Csk family and provides insight into the evolutionary history of the family. A maximum parsimony analysis was carried out using a combination of the sequences of the SH3, SH2, and kinase domains of representatives of the non-receptor PTK families which contain these three domains and also have a conserved intron location in the sequence encoding the SH2 domain. The results of this analysis (Figure 2 ) support the conclusion that a single Csk family member was present prior to the divergence of Cnidaria from the rest of the metazoans.
Phylogenetic analysis was also carried out using each of the three domains (SH3, SH2, and kinase domains) individually (data not shown). In all three cases the grouping of Hydra Csk with the vertebrate Csk family members was strongly supported (bootstrap values of 89 ± 91). Thus Hydra Csk and the vertebrate Csk family members clearly arose from a common ancestor in which all three domains had been assembled.
The Hydra Csk gene and the Hydra Src gene orthologue STK are co-expressed in cells of the adult polyp If Csk negatively regulates the kinase activity of STK in Hydra, then both genes should be expressed in the same cell types. Whole mount in situ hybridizations were performed on adult polyps using probes for STK and Csk. The expression patterns were broad and overlapping in both sexual and nonsexual animals ( Figure 3 ). During oogenesis and spermatogenesis, expression of both genes was observed in both somatic cells and in the gametogeneic cells (Figure 3c ± f) . These results are consistent with the hypothesis that Csk regulates STK.
Hydra Csk suppresses STK-induced growth inhibition in yeast
Various studies have demonstrated that expression of vertebrate Src in the yeast Saccharomyces cerevisiae inhibits growth (Brugge et al., 1987; Kornbluth et al., 1987) and that co-expression of vertebrate Csk suppresses this inhibition (Murphy et al., 1993) . Expression of STK in yeast also inhibits growth (Figure 4 ), suggesting that it phosphorylates one or more of the same yeast proteins as vertebrate Src. If Hydra Csk regulates STK activity, co-expression should suppress the growth inhibition. Hydra Csk showed the predicted suppression ( Figure 4 ). Furthermore, suppression was not seen when a version of STK (STK-Y4F) lacking the predicted Csk phosphorylation site was used (Figure 4 ). Taken together these data support the hypothesis that Hydra Csk regulates STK activity by phosphorylating the carboxyl-terminal tyrosine which is conserved among all of the Src proteins characterized to date. A decrease in protein phosphorylation on tyrosine correlates with relief of STK-induced yeast growth suppression by Hydra Csk
To con®rm that the relief of STK-induced growth suppression in yeast was due to a change in tyrosine phosphorylation, we examined the activities of the Hydra kinases by immunoblot analysis with an antiphosphotyrosine antibody. S. cerevisiae lacks canonical proteintyrosine kinases (Hunter and Plowman, 1997) and thus provides a useful system for examining the activities of such enzymes. Yeast producing either wild type STK or the STK Y4F mutant contained a large number of Figure 5, lane 8) . Furthermore, the predominant protein in this case had a molecular weight of 57 kDa, the predicted size of the STK protein (Bosch et al., 1989) . As expected, Csk had no eect on tyrosine phosphorylation in cells expressing the Y4F mutant of STK ( Figure 5, lane 7) . These results are consistent with the growth data in Figure 4 and support the conclusion Figure 2 Results of a phylogenetic analysis of Hydra Csk and other metazoan non-receptor PTKs. The tree includes representatives of the three non-receptor PTK families which contain an SH3 and an SH2 domain and a conserved intron in the sequence encoding the SH2 domain. The analysis was performed with a combination of the sequences of the SH3, SH2, and kinase domains. The kinase domain sequences from the human Fes and Hydra HTK16 PTKs were used as outgroups. that phosphorylation of STK on its predicted regulatory tyrosine leads to suppression of kinase activity.
Discussion
Src genes have now been identi®ed in a number of invertebrate phyla including Porifera (sponges) (Ottilie et al., 1992) . Isolation of Src genes from a sponge proved that a Src gene was present in the last common ancestor of all modern metazoa. Further, the regulatory tyrosine residue that Csk phosphorylates in vertebrates is conserved in invertebrate Src proteins, suggesting the possibility that regulation of Src activity by Csk appeared early in metazoan evolution. Our data demonstrate that this regulatory interaction was established prior to the divergence of Cnidaria from the rest of the metazoans. The Src/Csk circuit is thus a fundamental feature of animal cell signal transduction. Recently, a fragment of what is likely an orthologue of the Csk gene was isolated from a sponge (Suga et al., 1999) . This result argues that both Csk and Src were present in the last common ancestor of all modern metazoans. It will be of interest to determine whether sponge Csk also regulates Src activity. The recent identi®cation of a Csk gene in C. elegans (Plowman et al., 1999) will allow the application of genetic methods to further dissect the evolution of the Src/Csk regulatory interaction.
Of obvious interest is the question of how the Src/ Csk regulatory circuit evolved. The conservation of protein domain organization between Src and Csk and intron locations in their genes (Brauninger et al., 1993) indicates that these two genes arose as the result of the duplication of a gene encoding a non-receptor PTK with SH3 and SH2 domains. How the regulatory interaction then evolved is not clear. It is, however, interesting that Src itself apparently has some capacity to phosphorylate its regulatory tyrosine (Cooper and Runge, 1987) . Gene duplication followed by improvement of this inherent capacity in the new gene product (ancestral Csk) may have been part of the process of Csk evolution.
Materials and methods

Hydra culture
A clone of the Zurich strain of Hydra vulgaris was obtained from Dr Monika Hassel (Heidelberg) and maintained according to standard methods (Lenho and Brown, 1970) .
Polymerase chain reaction (PCR)
Ampli®cation and cloning of cDNA fragments from genes encoding PTKs was carried out as previously described (Chan et al., 1994; Steele et al., 1996) . Clones were screened by sequencing using only the dideoxy-T stop reaction mixture (T-tracking). The complete sequence of an example of each clone type was determined using the T7 Sequenase TM kit from Amersham Life Science.
Library screening and DNA sequencing
A clone containing all but the 3' end of the coding region of the Hydra Csk gene was isolated by screening of a cDNA library as previously described (Steele et al., 1999) . This clone Figure 4 were fractionated by SDS ± PAGE and probed with an anti-phosphotyrosine antibody. Lane 1, strain containing the URA3 and LEU2 vectors (see Materials and methods) and grown in glucose. Lane 2, identical to lane 1 except grown in galactose. Lane 3, strain containing Csk (in the LEU2 vector) plus empty URA3 vector and grown in glucose. Lane 4, identical to lane 3 except grown in galactose. Lane 5, strain containing STK (in the URA3 vector) plus empty LEU2 vector and grown in glucose. Lane 6, identical to lane 5 except grown in galactose. Lane 7, strain containing STK Y4F (in the URA3 vector) plus Csk (in the LEU2 vector) and grown in galactose. Lane 8, strain containing STK (in the URA3 vector) plus Csk (in the LEU2 vector) and grown in galactose. The positions of the pre-stained high range molecular size markers (Bio-Rad) are indicated Figure 4 Eect of Hydra Csk on STK-induced inhibition of yeast growth. The growth of S. cerevisiae cells expressing STK, STK-Y4F, or Csk, alone or in combination, were monitored by measuring the absorbance of the cultures at 600 nm. Cultures were initiated in the presence of glucose and expression of the Hydra genes was induced by replacement of glucose with galactose. The growth of three to ®ve cultures was followed for each of the strains. Error bars represent the standard deviations of the means. STK-Y4F is a mutant version of STK in which the putative carboxyl-terminal regulatory tyrosine has been changed to phenylalanine was sequenced by primer walking using the services of the UCI DNA Core Facility.
Rapid amplification of cDNA ends (RACE)
A cDNA fragment containing the 3' end of the coding region of Hydra Csk was isolated using the RACE technique (Frohman et al., 1988) . An aliquot of a Hydra vulgaris cDNA library (Sarras et al., 1994) was used as the template. The primers that were used corresponded to the 3' Csk sequence and the phage vector sequences adjacent to the site into which the cDNA inserts were cloned.
Phylogenetic analysis
A phylogenetic analysis was performed using a maximum parsimony method. The analysis was carried out using the combined kinase, SH3, and SH2 domain sequences of representatives of the non-receptor PTK families which contain these three domains and also have a conserved intron location in the sequence encoding the SH2 domain. The human Fes and Hydra HTK16 kinase domain sequences were used as outgroups. The heuristic search option of PAUP 3.1.1 (Swoord, 1993) was used, with 500 random sequence taxon addition replicates and tree bisection and reconnection branch swapping. The`protpars' matrix of PAUP 3.1.1 was used to weight amino acid substitutions. To obtain bootstrap values, 100 bootstrap replicates were done using simple taxon addition with tree bisection and reconnection branch swapping.
Protein expression in yeast
A fragment containing the coding sequence of Hydra STK was obtained by ampli®cation with PfuTurbo DNA polymerase (Stratagene) from a cDNA clone using gene-speci®c primers that included a BamHI cleavage site at the 5' end of the 5' primer and a SalI cleavage site at the 5' end of the 3' primer. The 5' primer also included the eight nucleotides upstream of the ATG in the GAL4 gene (5'-CCTGAAAG-3'). The Csk coding sequence was ampli®ed in a similar manner to that used for STK except that the 3' primer included the sequence encoding the carboxyl terminal tail identi®ed by RACE (see above). The ampli®ed fragments were isolated from the reaction mixtures with QIAEX particles (Qiagen), cleaved with the appropriate restriction enzymes, and puri®ed by agarose gel electrophoresis. Fragments were ligated into the URA3 galactose-inducible yeast expression vector pRS316-GAL1 (Liu et al., 1992) . To prepare LEU2 galactose-inducible constructs, inserts were transferred from pRS316-GAL1 into the LEU2 vector pRS315 (Sikorski and Hieter, 1989) containing the GAL1 promoter from pRS316-GAL1. Strain W303 of Saccharomyces cerevisiae was transformed with plasmid DNAs using the lithium acetate method (Ito et al., 1983) . All transformations were done with either LEU2 and URA3 vectors each containing a Hydra gene (e.g. STK and Csk) or with one vector containing a Hydra gene (e.g. Csk) and the other vector without an insert. Transformants were selected on minimal medium lacking uracil and leucine. For expression of the Hydra proteins, plasmid-containing yeast cells were grown at 308C in uracil-minus leu-minus minimal medium plus glucose overnight and then diluted 1 : 500 in uracil-minus leu-minus minimal medium plus galactose and grown for the times indicated. Growth was measured by absorbance at 600 nm. The STK Y4F mutant cDNA was created by standard PCR mutagenesis methods (Higuchi et al., 1988; Vallette et al., 1989) .
Immunoblot analysis of tyrosine phosphorylation
Yeast cells were harvested by centrifugation and proteins were extracted by alkaline lysis (Yae and Schatz, 1984) . Protein concentrations were determined using the BCA Protein Assay Reagent Kit (Pierce). Equal amounts of protein were fractionated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to an Immobilon-P ®lter (Millipore) using a Bio-Rad Trans-Blot SD Semi-Dry Electrophoretic Transfer Cell. The ®lter was blocked in 5% bovine serum albumin for 1 h at room temperature and incubated with 4G10 anti-phosphotyrosine antibody (Upstate Biotechnology) which had been diluted 1 : 13 000 in Tris-buered saline plus 0.05% Tween 20 (TBST). The ®lter was subsequently washed at room temperature ®ve times for 5 min each in TBST. After incubation for 1 h at room temperature with a horseradish peroxidase-conjugated goat anti-mouse IgG antibody (Transduction Laboratories; diluted 1 : 25 000 in TBST), the ®lter was washed at room temperature four times for 5 min each in TBST. Bound antibody was detected with the SuperSignal chemiluminescent substrate for Western blotting (Pierce).
In situ hybridization
Preparation of digoxygenin-labeled RNA probes and wholemount in situ hybridization to Hydra vulgaris polyps were carried out essentially as previously described (Grens et al., 1995; MartõÂ nez et al., 1997) . Polyps were mounted in Euparal TM (Asco Laboratories) and photographed using the bright ®eld optics of an Olympus Vanox microscope and Ektachrome TM 160T ®lm (Kodak).
